A pulsed, electrostatic probe data acquisition system, applicable to transient or noisy plasmas, is presented. The system digitally records a probe characteristic, and its first and second derivatives. The latter are shown to be proportional to the projected electron energy distribution function, and the isotropic electron energy distribution function, respectively.
INTRODUCTION
Electrostatic probes have been employed for many years as a useful plasma diagnostic, 1 their main limitations being the experimental accuracy and ease of data acquisition and analysis. Recent developments in both linear and digital electronics have greatly facilitated both the speed and ,accuracy with which probe data can be obtained. These developments are particularly useful in transient or noisy plasmas where high speed data acquisition is imperative. This paper presents a pulsed electrostatic probe data acquisition system, used to study the electron-ion density and electron energy distribution function in the Lawrence Berkeley Laboratory 10 ampere neutral beam ion source.
THEORY OF MEASUREMENT
The LBL ion source operates in a regime where cylindrical or spherical probe operating conditions are adequately described by the collisionless thin sheath approximation.
i.e.
-Collisional Mean Free
At> -Electron Debye Length r = Probe radius 3) Accurate measurement of the ion-saturation region (A).
4) Accurate measurement of the electron-transition region (B). -3 -
For the case where the electron temperature far exceeds the. ion temperature, collected ion current density is quite insensitive to ion temperature and is expressed as j 1 (V~) • (t n 1 z 1 e ~) i+ (V~; Te' T 1 , rp, \ ) (1) where i+ is an ion current correction factor computed by the theory of Laframboise, 2
and v<P is the
probe bias voltage measured with respect to the plasma potential, i.e. 
Considering that electron current density is experimentally measured as a function of bias potential, a more convenient description of je(V<P) is obtained by expressing it as a function of f e (£) , the isotropic electron energy distribution function. Defining f (£) as e 
-4 -which when substituted into equation (5) . yields the familiar result
TI'm e -eV<P/kTe e (7) where the electron temperature is given by the inverse slope of ln je(V<P) vs V<P.
For tbe general case where f (E) deviates from a Maxwellian, the electron e current density will behave according to equation (5 of equation (5) yields
eV = E <P which relates the electron energy distribution function to the second derivative of the electron probe current density. 3
The above treatment required f (E) to be isotropic. A generalization e for non-isotropic distribution functions is possible by defining fe(u,n), the projected electron velocity distribution function in the spatial direction " n, as where A now refers to the spatial direction normal to the probe surface.
Again, defining f (£, ~), the projected electron energy distributionfunction . e potentials such that the net random current due to electron and ion bombardment is nulled. Access to the plasma is via three radial probe ports at the source midplane, and one section of axially synnnetric floating wall which is used as an extended wall probe.
Probe Driver/Detection Circuit
The motivation for a pulsed detection circuit, in addition to the plasma's transient nature, is readily apparent from its noise spectrum (Fig. 3) . The large noise increase below 1 kHz is presumably due to power supply effects.
Data acquisition in a time less than 1 ms is necessary to minimize this noise influence. This output format presently allows rapid data analysis with minimal measurement error. The system also has the option of a direct computer data link, allowing for real time data analysis.
The differentiation network (Fig. 5) consists of a series of ganged stages, each stage tailored to a particular frequency response which minimizes overall network noise and instability, while maintaining differentiation accuracy over a 100 kHz bandwidth. All stages utilize compensated AD 507 wideband, low noise operational amplifiers, whieh have proven quite cost effective. Components for the differentiation stages (Fig. 6 ) were chosen to insure a 6 dB/octave gain increase over a 100 kHz bandwidth and stability over all operating conditions. Buffer stages are low pass Butterworth filters with flat pass bands from 0-100 kHz.
-8 -
ACCURACY ANALYSIS
The accuracy of the data acquisition process is dependent on both the response characteristic of the probe driver circuit, and the acquisition accuracy of the probe current detection network.
A circuit equivalent model of the probe/driver is illustrated in Fig. 7 . A discrete circuit model should remain a reasonable approximation for response times slow compared to an ion plasma period. The temporal response of the circuit model is roughly
where CD(~) are the effective driver circuit capacitance (resistance) and CS(RS) are the effective probe-plasma sheath capacitance (resistance) 5 respectively. For realistic experimental systems, CS << CD and ~ can usually be made much smaller than RS thru judicial driver circuit and probe design. Therefore, the probe driver electronics completely determines the temporal response of the system. The measured frequency response of the driver section depicted in Fig. 7 , was linear over a 100-kHz bandwidth, with a loaded slew rate of 10 V/~sec.
Since temporal variations in the probe current signal are related to voltage variations via a linear bias voltage ramp (V ¢oct), differentiation network accuracy is also dependent on temporal response. The spectral density of the probe current density j(t), is given by its Fourier Transform
-oo Given D(w), the network response function of the detection system, the detected current density is
-00 -00
where d(t-T), the Network Transfer Function, is given by. where w .is the angular high frequency cut-off. Substituting in equation (19) c yields w ..
7T '
-10 -From equation (18)' the approximate detected signal is therefore 
ION CURRENT EFFECTS
Equations (9) and (15) relate the electron distribution function to derivatives of the electron probe current. However, since the differentiation network operates on the total probe current, it is necessary to examine the effect of ion current on distribution function measurements.
Under the operating conditions encountered in the Berkeley source, an analytic expression for the ion current as a function of probe bias does not exist. This is primarily due to electron thermal effects which, for an ion attracting probe, allow an electric potential of approximately kT e to exist in the quasi-neutral plasma region exterior to the plasma-probe sheath. Thus, for the case where Ti < Te, ion probe current is quite insensitive to ion temperature and mainly depends on the complex relation between plasma sheath growth and probe operating parameters. To obtain the exact form of this relation requires a numerical solution of the equations which govern the behavior of ion attracting probes in a collisionless plasma.
One numerical calculation which is particularly well suited for the plasma conditions prevalent in the Berkeley source, is given by Laframboise. 2 (1), (7) and (23) yields
Negligible ion effects require R < 1, which implies from equation (24) that probe bias remain in the approximate range .1 kTe 2 eVcp 2 10 kTe.
OTHER EFFECTS
A compendium of experimental complications, associated with probe mea- 3 7 surements is presented in most standard probe references. ' Important effects like probe surface contamination and probe area variation can usually be minimized by careful probe/driver design. However, probe perturbation of the plasma is unavoidable. The degree to which the perturbation effects the probe measurement is a function of probe-plasma operating conditions, and for many systems becomes appreciable only when probe bias approaches the plasma potential, where the collected electron current is large. Regarding -12 -the probe current-voltage characteristic, this effect tends to round off the ideally sharp break occuring between the electron transition region and the electron saturation region (Fig. 1) . A reasonable approximation of the plasma potential is customarily achieved by linearly extrapolating the tworegions in the neighborhood of the break ·and obtaining their intersection (Fig. 1) .
In distribution function measurements, the perturbation's effect appears as a depletion in the number of electrons with energy roughly less than or equal to kT • This effect is mitigated by the condition that for most e applications, distribution function structure in this energy region is known.
EXPERIMENTAL RESULTS Figure 9 shows a typical set of experimental data, which consists of a cylindrical probe characteristic and its first and second derivatives. Note -15 -.
FIGURE CAPTIONS
A typical probe voltage-current characteristic Schematic cross section of the LBL 10 ampere neutral beam ion source.
Averaged plasma noise power density.
Probe driver-detection schematic.
Differentiation network block diagram.
Differentiation stage with compensation.
Probe/driver equivalent circuit. 
